Cerebral ischemic preconditioning or tolerance is a powerful neuroprotective phenomenon by which a sublethal injurious stimulus renders the brain resistant to a subsequent damaging ischemic insult. We used lipopolysaccharide (LPS) as a preconditioning stimulus in a mouse model of middle cerebral artery occlusion (MCAO) to examine whether improvements in cerebrovascular function contribute to the protective effect. Administration of LPS 24 h before MCAO reduced the infarct by 68% and improved ischemic cerebral blood flow (CBF) by 114% in brain areas spared from infarction. In addition, LPS prevented the dysfunction in cerebrovascular regulation induced by MCAO, as demonstrated by normalization of the increase in CBF produced by neural activity, hypercapnia, or by the endotheliumdependent vasodilator acetylcholine. These beneficial effects of LPS were not observed in mice lacking inducible nitric oxide synthase (iNOS) or the nox2 subunit of the superoxide-producing enzyme NADPH oxidase. LPS increased reactive oxygen species and the peroxynitrite marker 3-nitrotyrosine in wild-type mice but not in nox2 nulls. The peroxynitrite decomposition catalyst 5,10,15, 20-tetrakis(4-sulfonatophenyl)porphyrinato iron (III) attenuated LPS-induced nitration and counteracted the beneficial effects of LPS on infarct volume, ischemic CBF, and vascular reactivity. Thus, LPS preserves neurovascular function and ameliorates CBF in regions of the ischemic territory at risk for infarction. This effect is mediated by peroxynitrite formed from iNOS-derived NO and nox2-derived superoxide. The data indicate that preservation of cerebrovascular function is an essential component of ischemic tolerance and suggest that combining neuroprotection and vasoprotection may be a valuable strategy for treating ischemic brain injury.
Introduction
Cerebral ischemic tolerance or preconditioning is an endogenous neuroprotective phenomenon in which a noxious stimulus applied to the brain confers transient protection against a subsequent injurious ischemic insult (Gidday, 2006) . Ischemic tolerance consists of an early phase that occurs within minutes after induction, followed by a delayed phase that develops many hours or even days later (Kirino, 2002) . Delayed preconditioning has generated much interest because it produces a potent neuroprotection whose mechanisms may suggest new treatments for ischemic stroke (Dawson, 2002; Gidday, 2006) .
Many studies have addressed the mechanisms by which preconditioning stimuli, such as transient cerebral ischemia or the proinflammatory mediator lipopolysaccharide (LPS), protect the brain from injury [for review, see Kirino (2002) , Dirnagl et al. (2003) , and Gidday (2006) ]. These investigations have established that ischemic tolerance is associated with genetic, biochemical, and neurophysiological changes in neurons and glia that render the brain more resistant to ischemia. However, it has also been observed that tolerance-inducing stimuli improve microvascular perfusion or cerebral blood flow (CBF) in the postischemic brain (Dawson et al., 1999; Furuya et al., 2005; Hoyte et al., 2006; Nakamura et al., 2006; Zhao and Nowak, 2006) . Although these studies have suggested that preconditioning protects cerebral blood vessels from the vasoparalysis induced by cerebral ischemia, the effects of preconditioning on cerebrovascular function and the specific contribution of vascular factors to the protection have not been determined.
Inducible nitric oxide synthase (iNOS) is essential for the development of tolerance in several models. Preconditioning stimuli such as ischemia, LPS, or isoflurane anesthesia upregulate iNOS expression, whereas pharmacological inhibition or genetic inactivation of iNOS prevents the tolerance to ischemia or excitotoxicity (Kapinya et al., 2002; Cho et al., 2005b; Kawano et al., 2007) . The mechanisms by which iNOS-derived NO contributes to the protection remain to be established. We have recently found that NADPH oxidase, an important source of reactive oxygen species (ROS) in brain and blood vessels, is involved in the tolerance to excitotoxic brain lesions . The observation that preconditioning requires both iNOS-derived NO and ROS suggests the involvement of peroxynitrite , the reaction product of NO with the free radical superoxide (Pacher et al., 2007) . However, it is not known whether NO and superoxide are also critical for ischemic tolerance or whether improvements in CBF play a role in the protection.
Therefore, we examined the role of vascular factors in the protective effect of LPS in a mouse model of middle cerebral artery (MCA) occlusion. We found that LPS improves CBF in regions of the ischemic territory spared from infarction, an effect associated with a dramatic improvement in the vascular dysregulation induced by cerebral ischemia. Such vasoprotective effect of LPS is mediated by peroxynitrite formed from iNOS-derived NO and NADPH oxidase-derived superoxide. Thus, preconditioning, in addition to its effects on neurons and glia, also protects cerebral blood vessels from cerebral ischemia. The findings suggest that the combination of neuroprotective and vasoprotective approaches may provide new powerful therapeutic strategies for ischemic stroke.
Materials and Methods

Animals
All experimental procedures were approved by the Institutional Animal Care and Use Committee of Weill-Cornell Medical College. Experiments were performed in 2-to 3-month-old male mice lacking iNOS (MacMicking et al., 1995) or the nox2 subunit of NADPH oxidase (Pollock et al., 1995) . Mice were obtained from in-house colonies (Park et al., 2004 (Park et al., , 2005 and were congenic with the C57BL/6 strain. Therefore, C57BL/6 mice were used as wild-type controls.
LPS administration
Salmonella typhimurium LPS (0.5 mg/kg; lot number 054K4010; SigmaAldrich, St. Louis, MO) or vehicle (saline) was administered intraperitoneally, and mice were returned to their cages (Cho et al., 2005b; Kawano et al., 2007) . This dose of LPS produces a small reduction in rectal temperature, but the effect is transient and does not account for the neuroprotection . Mice were subjected to MCA occlusion 24 h after LPS administration.
MCA occlusion and measurement of ischemic cerebral blood flow
Procedures for MCA occlusion have been published previously (Park et al., 2004; Cho et al., 2005a; Kunz et al., 2007) and are only summarized here. Mice were anesthetized with a mixture of isoflurane (1.5-2%), oxygen, and nitrogen. A fiber-optic probe was glued to the parietal bone (2 mm posterior and 5 mm lateral to bregma) and connected to a laserDoppler flowmeter (Periflux System 5000; Perimed, Järfälla, Sweden) for continuous monitoring of CBF in the center of the ischemic territory. In some experiments, the flow probe was placed 2 mm lateral to bregma to monitor CBF at the periphery of the ischemic territory. This site was selected in preliminary experiments to overlie the neocortex rescued from infarction by LPS preconditioning (Fig. 1 A) [for methods, see ]. For MCA occlusion, a heat-blunted monofilament surgical suture (6-0) was inserted into the exposed external carotid artery, advanced into the internal carotid artery, and wedged into the circle of Willis to obstruct the origin of the MCA. The filament was left in place for 25 min and then withdrawn. Only animals that exhibited a reduction in CBF of Ͼ85% during MCA occlusion and in which CBF recovered by Ͼ80% after 10 min of reperfusion were included in the study (Cho et al., 2005) . This procedure leads to reproducible infarcts similar in size and distribution to those reported by others using transient MCA occlusion of comparable duration (Boutin et al., 2001; Plesnila et al., 2001; Borsello et al., 2003) . Rectal temperature was monitored and kept constant (37.0 Ϯ 0.5°C) during the surgical procedure and in the recovery period until the animals regained full consciousness.
Infarct volume measurement
Mice were killed 72 h after ischemia, and their brains were removed, frozen, and sectioned (thickness, 30 m) in a cryostat. Brain sections were collected at 600 m intervals and stained with thionine. Infarct volume was determined using an image analyzer (MCID; Imaging Research, St. Catharines, Ontario, Canada) (Cho et al., 2005a; Kunz et al., 2007) . To eliminate the contribution of postischemic edema to the volume of injury, values were corrected for swelling according to the method of Lin et al. (1993) as described previously .
Postischemic cerebrovascular regulation
Procedures for testing cerebrovascular regulation in mice have been described previously (Park et al., 2005; Girouard et al., 2007) . Briefly, under isoflurane anesthesia, the femoral artery was cannulated for recording of arterial pressure and collection of blood samples. Mice were then intubated and artificially ventilated with an oxygen-nitrogen mixture adjusted to provide an arterial pO 2 of 120 -140 mmHg (supplemental Table  1 , available at www.jneurosci.org as supplemental material). Rectal temperature was maintained at 37°C using a thermostatically controlled rectal probe connected to a heating device. After surgery, isoflurane was gradually discontinued, and anesthesia was maintained with urethane (750 mg/kg, i.p.; Sigma-Aldrich) and ␣-chloralose (50 mg/kg, i.p.; Sigma-Aldrich). The stability of the level of anesthesia was checked by testing corneal reflexes and motor responses to tail pinch. The somatosensory cortex was exposed through a small craniotomy (2 ϫ 2 mm). The dura was removed, and the site was superfused with a modified Ringer's solution (37°C; pH 7.3-7.4) (for composition, see Iadecola, 1992) . CBF was continuously monitored at the site of superfusion with a laserDoppler probe (Vasamedic, St. Paul, MN) positioned stereotaxically on the somatosensory cortex, a region supplied by the MCA and rescued from infarction by LPS. CBF changes were expressed as percentage in- Figure 1 . A, Location of the laser-Doppler probe relative to the composite regional distribution of the infarct at the level of bregma in mice treated with vehicle or LPS (n ϭ 5 per group). B, Protocol for experiments in which infarct volume was measured. LPS was administered at time 0, the MCA was occluded 24 h later, and infarct volume was determined 72 h after MCA occlusion (MCAO). AG or FeTPPS was administered 10 min and 6 h after LPS. C, Protocol for experiments in which postischemic vascular reactivity was assessed. Immediately after reperfusion, mice were instrumented with a cranial window for CBF recording with controlled arterial pressure and blood gases. crease relative to the resting level. Zero values for CBF were obtained after the heart was stopped by an overdose of isoflurane at the end of the experiment. To study the increase in CBF produced by neural activity (functional hyperemia), the somatosensory cortex was activated by gently stroking the contralateral whiskers with a cotton-tipped applicator for 60 s. Endothelium-dependent vasodilation was tested by topical superfusion of acetylcholine (ACh; 10 M; Sigma-Aldrich) for 3-5 min, and the CBF increase was recorded. The increase in CBF produced by hypercapnia was examined by introducing 5% CO 2 in the ventilator to increase arterial pCO 2 to 50 -60 mmHg (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Once a stable increase in CBF was obtained, pCO 2 was returned to normocapnia. The CBF response to adenosine (400 M; Sigma-Aldrich), an agent that produces vasodilation by acting directly on vascular smooth muscles (Phillis, 2004) , was also tested.
Quantification of ROS production and 3-nitrotyrosine immunoreactivity
ROS production was determined using in vivo hydroethidine microfluorography (Kondo et al., 1997) , as described previously (Cho et al., 2005a; Kunz et al., 2007) . Hydroethidine is a cell-permeant dye that is oxidized to ethidium and related products by superoxide (Robinson et al., 2006) . Ethidium is trapped intracellularly by intercalating with DNA (Rothe and Valet, 1990) . The fluorescence signal attributable to hydroethidine oxidation products reflects cumulative ROS production during the period between administration of hydroethidine and killing the animal. Hydroethidine (10 mg/kg; Invitrogen, Carlsbad, CA) was injected into the jugular vein in mice under isoflurane anesthesia 1 h before they were killed. Brains were removed, frozen, sectioned in a cryostat (thickness, 20 m), and collected at 600 m intervals .
3-Nitrotyrosine (3-NT) was used as a marker of peroxynitrite-induced nitration (Pacher et al., 2007) . Mice were perfused transcardially with heparinized saline, and their brains were removed and frozen. Brain sections (thickness, 14 m) were cut through the parietal cortex and collected at 100 m intervals. To assure uniformity of the immunolabel, sections from controls and experimental groups were processed together. Sections were postfixed in ethanol and incubated with a 3-NT antibody (1:200; Millipore, Billerica, MA), followed by a FITC-conjugated secondary antibody (1:200; Invitrogen). The specificity of the 3-NT stain was tested as described previously (Forster et al., 1999) .
Procedures for quantification of the fluorescence signal have been described previously (Cho et al., 2005a; Girouard et al., 2007; Kunz et al., 2007) . Sections were analyzed with a Nikon (Melville, NY) E800 fluorescence microscope equipped with filter sets (Chroma Technology, Rockingham, VT) customized for detection of hydroethidine oxidation products (for ROS production) or FITC (for 3-NT immunoreactivity). Images were acquired by a computer-controlled digital monochrome camera (Coolsnap; Roper Scientific, Trenton, NJ) attached to the microscope. The analysis of ROS or 3-NT immunoreactivity was performed in a blinded manner using IPLab software (Scanalytics, Fairfax, VA) (Cho et al., 2005a; Kunz et al., 2007) . The intensity of the ROS or 3-NT signal was analyzed in brain parenchyma and cortical blood vessels identified according to morphological criteria (i.e., surface pial and penetrating cortical vessels) and confirmed by double label with the endothelial marker CD31 . When vessels were analyzed, at least 10 vessels per animal were studied. Fluorescence intensities were divided by the total number of pixels analyzed, averaged, and expressed as relative fluorescence units (Cho et al., 2005a; Kunz et al., 2007) .
Double-label immunohistochemistry
For identification of the cell types producing ROS, mice treated with hydroethidine were anesthetized with sodium pentobarbital (120 mg/kg) and perfused transcardially with 4% paraformaldehyde. Brains were removed, frozen, and sectioned through the parietal cortex. Brain sections were incubated with antibodies against the neuronal marker NeuN (1: 100; Millipore), the endothelial cell marker CD31 (1:100; BD Biosciences, San Diego, CA), or the astrocytic marker glial fibrillary acidic protein (GFAP) (1:1000; Sigma-Aldrich). Sections were then incubated with cyanine dye (Cy5)-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA). For identification of the cell types expressing 3-NT, frozen sections were first processed for 3-NT immunocytochemistry, followed by incubation with anti-NeuN, anti-CD31, or anti-GFAP antibodies, and, subsequently, Cy5-conjugated secondary antibodies. The specificity of the immunolabel was assessed by omitting the primary antibodies or by preadsorption with the antigen (Forster et al., 1999) . Images of double-labeled neocortex were sequentially acquired using a Leica (Mannheim, Germany) TCS SP5 confocal laserscanning microscope. ROS and 3-NT signals were pseudocolored red, whereas Cy5 signals were pseudocolored green.
Experimental protocol
Effect of LPS preconditioning on infarct volume. As illustrated in Figure 1 B, LPS or vehicle (saline) was injected in wild-type, iNOS, or nox2-null mice, and the MCA was transiently occluded 24 h later. Infarct volume was measured 72 h after induction of ischemia. In some studies, the iNOS inhibitor aminoguanidine (AG; 400 mg/kg, i.p.; Sigma-Aldrich) (Park et al., 2004) , the peroxynitrite decomposition catalyst 5,10,15, 20-tetrakis(4-sulfonatophenyl)porphyrinato iron (III) (FeTPPS; 20 mg/kg, i.v.; EMD Biosciences, San Diego, CA) Li et al., 2005) or vehicle (saline) was administered 10 min and 6 h after LPS. AG administration according to this protocol abolishes LPS-induced ischemic tolerance to focal cerebral ischemia (Cho et al., 2005b) and attenuates the accumulation of NO reaction products (NOx) in brain after LPS administration (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). The administration protocol for FeTPPS was demonstrated to block LPS-induced 3-NT immunoreactivity (see Results). In some experiments, the neuronal nitric oxide synthase (nNOS) inhibitor 7-nitroindazole (7-NI; 25 mg/kg, i.p.; Cayman Chemical, Ann Arbor, MI) or vehicle (DMSO) was administered 1 h before MCA occlusion (Park et al., 2004) , and infarct volume was measured 72 h after MCA occlusion.
Effect of LPS preconditioning on postischemic cerebrovascular reactivity. As illustrated in Figure 1C , mice were treated with vehicle, AG, or FeTPPS 10 min and 6 h after LPS, and the MCA was occluded 24 h later. Immediately after the start of reperfusion, mice were instrumented for monitoring of CBF in the ischemic cortex (see above, Postischemic cerebrovascular regulation). Approximately 1 h after reperfusion, when resting CBF was stable, the increase in CBF produced by functional hyperemia (whisker stimulation), ACh, adenosine, or hypercapnia was tested. The mean arterial pressure (MAP) and blood gases for these mice are presented in supplemental Table 1 (available at www.jneurosci.org as supplemental material). MCA occlusion resulted in a reduction in MAP, but such hypotension occurred in all groups and, as such, it is unlikely to contribute to the difference in vascular reactivity observed between mice receiving vehicle, LPS, or LPS plus AG.
Effect of LPS on ROS and 3-NT immunoreactivity.
To determine the time course of ROS and 3-NT, brains were processed for ROS production or 3-NT immunoreactivity 1, 2, 4, 8, 12, and 24 h after LPS. Analyses focused on the parietal cortex, the region that is rescued from infarction by preconditioning and in which ischemic CBF and postischemic vascular reactivity were studied. For ROS production, mice were injected with hydroethidine 1 h before they were killed. In experiments in which iNOS or nox2-null mice were used, ROS production was examined 2 and 12 h after LPS, and 3-NT immunoreactivity was examined 24 h after LPS. These time points were selected based on the time course of ROS and 3-NT immunoreactivity after LPS administration (see Results). Doublelabel experiments for identification of the cell types producing ROS and exhibiting 3-NT immunoreactivity were performed, respectively, 2 and 24 h after LPS. In some experiments, FeTPPS was injected 10 min and 6 h after LPS, and 3-NT immunoreactivity was assessed at 24 h. To induce ROS production in astrocytes, mice were treated with topical neocortical application of the superoxide dismutase (SOD) inhibitor diethyldithiocarbamate (DDC; 10 mM; Sigma-Aldrich), and their brains were processed for double labeling for ROS and GFAP.
Statistical analysis
Data are presented as mean Ϯ SEM. Comparisons between two groups were statistically evaluated by the Student's t test. Multiple comparisons were evaluated by ANOVA followed by Newman-Keuls multiplecomparison test. The temporal profiles of LPS-induced ROS and 3-NT were analyzed by ANOVA followed by Dunnett's test. Differences were considered significant at p Ͻ 0.05.
Results
LPS improves ischemic CBF and reduces infarct volume through iNOS-derived NO
First, we sought to determine whether LPS preconditioning is associated with an improvement of ischemic CBF. LPS administration resulted in a 68% reduction in infarct volume (Fig. 2 A) . The protective effect was associated with a marked CBF improvement in the region of the ischemic territory that was spared from infarction ( Fig. 2 B) . At reperfusion, CBF was lower in LPStreated mice than in vehicle-treated controls (Fig. 2 B) , but this is not surprising because the changes in CBF at reperfusion do not correlate well with the outcome of the ischemic insult (Marchal et al., 1999) . Administration of the iNOS inhibitor AG blocked the effect of LPS on infarct volume and abolished the improvement in ischemic CBF (Fig. 2 A, B) . AG alone did not influence infarct volume or ischemic CBF (Fig. 2 A, B) . In agreement with the AG results, LPS did not reduce infarct volume (vehicle, 25 Ϯ 5 mm 3 ; LPS, 28 Ϯ 2 mm 3 ; p Ͼ 0.05; n ϭ 5 per group) or improve ischemic CBF in iNOS-null mice (Fig. 2C) . However, administration of the nNOS inhibitor 7-NI to iNOS-null mice reduced infarct volume by 46% (vehicle, 31 Ϯ 4 mm 3 ; 7-NI, 17 Ϯ 1 mm 3 ; p Ͻ 0.05; n ϭ 6 per group), ruling out the possibility that the lack of effect of LPS in iNOS-null mice was attributable to an already maximally reduced infarct.
LPS improves postischemic cerebrovascular dysregulation via iNOS-derived NO
The findings presented above suggest that an improvement in ischemic CBF may play a role in the protective effect of LPS. Cerebral ischemia impairs the vasodilatory capacity of cerebral blood vessels and limits their ability to divert blood flow from normally perfused regions to the ischemic territory (collateral flow) (Date and Hossmann, 1984; Mayhan et al., 1988) . The improvement in ischemic CBF raises the possibility that LPS ameliorates the vascular dysregulation induced by cerebral ischemia and promotes collateral flow. To test this hypothesis, we examined postischemic vascular reactivity in mice treated with vehicle or LPS. In vehicle-treated mice, focal ischemia resulted in a marked attenuation ( p Ͻ 0.05) of the CBF increases induced by whisker stimulation (Ϫ57%), ACh (Ϫ59%), and hypercapnia (Ϫ36%), but not adenosine ( p Ͼ 0.05) (Fig. 3) . In LPS-treated mice, postischemic vascular reactivity was preserved and was comparable with that of nonischemic controls ( p Ͼ 0.05). Such vascular improvement by LPS was abolished by AG and was not observed in iNOS-null mice (Figs. 3, 4) . These results indicate that LPS improves the cerebrovascular dysfunction induced by cerebral ischemia and that the effect depends on iNOS.
LPS increases vascular ROS production through NADPH oxidase
ROS have been implicated in the development of ischemic tolerance (Liu et al., 2005) . Therefore, we investigated whether ROS participate in the tolerance to cerebral ischemia induced by LPS. First, we used hydroethidine microfluorography to examine whether LPS induces ROS production in cerebral cortex. LPS increased the ROS signal at 2 and 12 h after LPS, and the increase subsided at 24 h (Fig. 5C ). The ROS increase was observed in cells positive for the neuronal marker NeuN or the endothelial marker CD31, but not for the astroglial marker GFAP (Fig. 5 A, B) . The lack of signal in astrocytes was not an artifact of the method used to assess ROS production, because cortical superfusion with the SOD inhibitor DDC induced detectable oxidative stress in these cells (Fig. 5Bj -Bl,Bm-Bo). NADPH oxidase has emerged as an important source of ROS in neurons and cerebral blood vessels Infanger et al., 2006) . Therefore, we used mice lacking nox2, the catalytic subunit of NADPH oxidase, to examine whether the increase in ROS induced by LPS was mediated by NADPH oxidase. The increase in ROS induced by LPS was not observed in nox2-null mice (Fig. 5 D, E) . In contrast, in iNOS-null mice the increase in ROS was not different from that of wild-type mice (Fig. 5 D, E) . Therefore, LPS induces ROS production in neurons and cerebral blood vessels, an effect not observed in nox2-null mice.
NADPH oxidase contributes to LPS-induced ischemic tolerance and vasoprotection
Next, we used nox2-null mice to test the hypothesis that nox2-derived ROS are involved in the preconditioning induced by LPS. The infarct produced by MCA occlusion was smaller in nox2-null mice than in wild-type littermates (Walder et al., 1997; , but LPS did not further reduce the infarct (vehicle, 23 Ϯ 7 mm 3 ; LPS, 19 Ϯ 3 mm 3 ; p Ͼ 0.05; n ϭ 5-6 per group). In contrast, administration of 7-NI attenuated the infarct volume by 52% (vehicle, 26 Ϯ 5 mm 3 ; 7-NI, 13 Ϯ 1 mm 3 ; p Ͻ 0.05; n ϭ 5 per group), ruling out that the lack of protection by LPS was attributable to a maximally reduced infarct. In nox2-null mice, LPS failed to improve intraischemic CBF in regions of the ischemic territory that were spared from infarction (Fig. 6 B) . We then examined the effect of LPS on postischemic vascular reactivity in nox2-null mice. In contrast to wild-type mice, LPS failed to improve the postischemic attenuation in vascular reactivity in nox2-null mice (Fig. 6 B-D; supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). Therefore, NADPH oxidase is needed for LPS-induced tolerance and improved vascular reactivity.
LPS preconditioning increases peroxynitrite formation in cerebral blood vessels
The finding that both NO and ROS are needed for the tolerance induced by LPS suggests an involvement of peroxynitrite, the product of the reaction between NO and superoxide (Pacher et al., 2007) . First, we used 3-NT as a nitration marker to determine whether LPS increases peroxynitrite formation in cerebral cortex. LPS increased 3-NT immunoreactivity in the cerebral cortex (Fig. 7C) . Double-label experiments with neuronal, endothelial, and astrocytic markers showed that the increase occurred in neurons and cerebral blood vessels, but not in astrocytes (Fig. 7 A, B) . The increase in 3-NT immunoreactivity was first observed 2 h after LPS and was still present at 24 h (Fig. 7C) . To provide evidence that peroxynitrite was responsible for the nitration, we investigated LPS-induced 3-NT immunoreactivity in iNOS or nox2-null mice. LPS-induced nitration was not observed in mice lacking iNOS or nox2 (Fig. 7D) , attesting to the fact that nitration depends on iNOS-derived NO and nox2-derived ROS.
Peroxynitrite is required for the ischemic tolerance and vasoprotection induced by LPS Finally, to provide evidence that peroxynitrite is involved in the vasoprotection and ischemic tolerance induced by LPS, we used the peroxynitrite decomposition catalyst FeTPPS Salvemini et al., 1998; Li et al., 2005) . To verify that FeTPPS administration reduced protein nitration, we examined its effect on 3-NT immunoreactivity. We found that FeTPPS, administered 10 min and 6 h after LPS, attenuates the increase in 3-NT immunoreactivity induced by LPS, attesting to its effectiveness in our model (supplemental Fig. 3A -C, available at www. jneurosci.org as supplemental material). FeTPPS by itself had no effect on the size of the infarct (Fig. 8 A) . However, this agent attenuated the protective effect of LPS, albeit not completely (Fig.   8 A) . Furthermore, FeTPPS blocked the improvement in intraischemic CBF produced by LPS (Fig. 8 B) . Similarly, FeTPPS abolished the improvement in postischemic vascular dysregulation (Figs. 8C-F ) . Thus, FeTPPS counteracts the beneficial effects of LPS on ischemic CBF, cerebrovascular function, and infarct volume.
Discussion
We have demonstrated that the tolerance to cerebral ischemia induced by LPS is associated with an improvement in cerebral perfusion in regions of the ischemic territory that are spared from infarction. LPS counteracts the vascular dysregulation induced by cerebral ischemia and improves cerebrovascular function in the ischemic brain. These beneficial vascular effects of LPS are blocked by the iNOS inhibitor AG and are not observed in iNOSnull mice, indicating that iNOS-derived NO is involved in the response. In addition, the effects of LPS depend on ROS generated by a nox2-containing NADPH oxidase, raising the possibility that peroxynitrite, the reaction product of NO and superoxide, is involved in the mechanisms of the tolerance. In support of this hypothesis, LPS administration increased nitration in neurons and cerebral blood vessels. Furthermore, the peroxynitrite decomposition catalyst FeTPPS counteracted the beneficial vascular effects and the reduction in ischemic injury associated with LPS administration. These observations provide evidence that LPS-induced tolerance to ischemic injury is associated with a marked improvement of vascular function in the ischemic brain and that this effect depends on peroxynitrite formed from iNOSderived NO and nox2-derived radicals.
The findings of the present study cannot be attributed to methodological artifacts or instability of the preparation. The physiological variables of the mice, including body temperature, were carefully monitored and controlled and did not differ among the experimental groups. Although nitration can be induced by factors other than peroxynitrite, such as myeloperoxidase in the presence of nitrite and H 2 O 2 (Eiserich et al., 1998; Gaut et al., 2002) , this was not the case here because LPS-induced nitration depends on iNOS-derived NO and NADPH oxidasederived superoxide, pointing to the involvement of peroxynitrite. Therefore, the findings of the present study cannot result from confounding factors or artifacts of the methods used to assess ROS production or nitration.
LPS administration attenuated the CBF reduction produced by MCA occlusion in regions at risk for infarction. Ischemia produces local vascular dysregulation that impairs the ability of cerebral blood vessels to vasodilate and to draw blood from adjacent vascular territories that are perfused normally (Date and Hossmann, 1984; Mayhan et al., 1988 ) (for review, see Iadecola, 1998) . Such vasoparalysis impairs collateral flow and lowers CBF toward the threshold for infarction (Iadecola, 1998) . Our data indicate that LPS improves cerebral perfusion in these "watershed" regions that are rescued from infarction. Several lines of evidence suggest that the improvement of CBF is causally linked to the improved tissue outcome. First, it is well established that interventions that improve CBF in the ischemic territory, such as NO donors, ameliorate the tissue damage (Morikawa et al., 1994; . It is therefore likely that the CBF improvement produced by LPS administration has similar beneficial consequences. Second, the improvement in CBF is observed immediately after arterial occlusion, well before the tissue damage develops. Therefore, the reduction in brain damage could not influence ischemic flow, because the lesion was not yet present. Third, we have shown here that LPS protects cerebral blood ves- sels from the dysfunction induced by cerebral ischemia. It remains to be defined whether LPS improves intraischemic cerebral perfusion also by elevating resting CBF. Thus, our data indicate that the improvement of ischemic CBF results from direct effects of LPS on cerebrovascular function and not from indirect effects secondary to the reduction in tissue damage.
It is of interest that LPS ameliorates the increase in CBF initiated by the endothelium-dependent vasodilator ACh, a response mediated by NO released from endothelial cells (Faraci et al., 1998; Girouard et al., 2007) . This observation indicates that LPS is able to directly influence responses mediated by mechanisms intrinsic to cerebral blood vessels. Consistent with this view, systemic administration of low doses of LPS (0.3-0.5 mg/kg) improves endothelium-dependent relaxation in the isolated aorta (Pu et al., 1999) and MCA (Bastide et al., 2003) . It must be noted that higher doses of LPS (5 mg/kg) impair endothelial function in cerebral blood vessels, an effect mediated by vascular ROS production (Didion et al., 2004) . Therefore, LPS can be either beneficial or deleterious to endothelial function depending on the dose administered. In preconditioning, the vascular effects of low doses of LPS are beneficial and protect the vessels from the dysfunction caused by cerebral ischemia.
Preconditioning stimuli induce the expression of neuroprotective genes, improve mitochondrial function, and lead to neurotransmitter and receptor changes that increase the resistance of the neurons and glia to ischemic injury (Dirnagl et al., 2003; Gidday, 2006) . Our data suggest that preconditioning, in addition to protecting brain cells, also protects cerebral blood vessels from the deleterious effects of ischemia and improves their function. These findings add another dimension to the effector mechanisms of the tolerance and suggest that LPS exerts both neuroprotective and vasoprotective actions on the ischemic brain.
This conclusion is not surprising considering the close relationships that exist among neurons, glia, and cerebral blood vessels (Iadecola, 2004) . In the normal state, neurons, glia and cerebrovascular cells work in concert to assure that the energy demands of the brain are matched to an adequate delivery of energy substrates (Iadecola, 2004) . In pathological states, damage to one cell type leads to alterations in the other cell types as well (del Zoppo and Mabuchi, 2003; Iadecola, 2004) . We have demonstrated here that the vascular disruption involves not only responses mediated by neural activity, such as functional hyperemia, but also responses mediated by endothelial cells (i.e., the increase in CBF produced by ACh). Importantly, the CBF response to the smooth muscle relaxant adenosine was not altered, indicating that the attenuation of the CBF responses to neural activity, hypercapnia, and ACh was not a consequence of nonspecific vasoparalysis or mechanical failure of smooth muscle cells. In contrast to adenosine, the CBF response to hypercapnia was attenuated by cerebral ischemia. Although hypercapnia can directly relax cerebrovascular muscles through the associated changes in pH (Kontos et al., 1977a,b) , neurogenic factors are also thought to contribute to the response. For example, a critical level of neuronal NO/cGMP is required for the expression of the hypercapnic vasodilation Iadecola and Zhang, 1996) . It is likely that such a neurogenic component of the CBF response is altered by ischemia. Therefore, ischemia produces dysfunction of key intrinsic cerebrovascular regulatory processes that parallel the neuronal dysfunction. The protective effect of preconditioning targets both the neuronal and vascular components of the damage, resulting in a remarkable reduction in the size of the infarct.
Our data suggest that peroxynitrite is involved in the protective effect of LPS. Peroxynitrite can have both beneficial and deleterious effects depending on the amount generated. At relatively high concentrations (micromolar), peroxynitrite can induce oxidative and nitrosative damage in brain and blood vessels and leads to cerebrovascular dysfunction (Maneen and Cipolla, 2007) . However, at low concentrations (nanomolar), peroxynitrite activates protective stress pathways (Akt and MAP kinase), induces vasodilation, and inhibits leukocyte adhesion (Wei et al., 1996; Lefer et al., 1997; Nossuli et al., 1997; Klotz et al., 2002; Li et al., 2004) . Therefore, low concentrations of peroxynitrite, such as those produced in LPS preconditioning, can be beneficial to the ischemic brain. In the peripheral circulation, peroxynitrite improves endothelial function, protects the myocardium from injury, and can act as a preconditioning agent Nossuli et al., 1997; Altug et al., 2000) . In the CNS, peroxynitrite is involved in LPS preconditioning against excitotoxic brain lesions . However, the factors controlling the switch between beneficial and deleterious actions of peroxynitrite need to be defined. Regardless of the mechanisms of the effect, the present results suggest that peroxynitrite contributes to the brain protection afforded by LPS also by preserving cerebrovascular function.
Other NOS isoforms have also been implicated in ischemic tolerance (Gidday, 2006) . For example, Atochin et al. (2003) have provided evidence that the endothelial (eNOS) and neuronal (nNOS) isoforms of NOS participate in the early preconditioning induced by transient cerebral ischemia, whereas eNOS may be involved in hypoxic preconditioning in a neonatal model of cerebral hypoxic-ischemic injury (Gidday et al., 1999) . We recently found that nNOS and eNOS, but not iNOS, play a role in the early preconditioning induced by LPS . These data suggest that the constitutive isoforms of NOS participate in the early preconditioning induced by LPS. In delayed LPS preconditioning, iNOS expression is likely to be induced by activation of nuclear factor B, either directly by LPS acting on Toll-like receptor 4 or indirectly through the release of tumor necrosis factor-␣ or other cytokines (Lin and Yeh, 2005; Kanzler et al., 2007) .
In conclusion, we have demonstrated that LPS preconditioning reduces ischemic brain injury and improves ischemic CBF. LPS also counteracts the deleterious effect of ischemia on vascular and neurogenic mechanisms regulating the cerebral circulation. The neuroprotective and vasoprotective effects of LPS are mediated by peroxynitrite produced by iNOS-derived NO and nox2-derived superoxide. The data provide direct evidence that vascular factors play a key role in the remarkable protective effects of LPS and suggest that the endogenous mechanisms by which the brain protects itself rely on preserving both brain cells and cerebral blood vessels. Accordingly, optimal treatments for ischemic stroke should target not only neurons and glia, but also cerebral blood vessels.
